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Abstract: Viscosity measurement is important in many areas of biomedicine and industry. Tra-
ditional viscometers are usually time-consuming and require huge sample volumes. Microfluidic
viscometry may overcome the challenge of large sample consumption but suffers from a long
process time and a complicated structure design and interaction. Here, we present a photoacoustic
method that measures the liquid viscosity in a simple microfluidic-based tube. This new viscosity
measurement method embraces fast detection speed and low fluid consumption, offering a new
tool for efficient and convenient liquid viscosity measurement in a broad range of applications.

© 2021 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Measurement of viscosity, an important thermophysical property, plays a key role in material
characterization in many fields of biomedicine and industry [1,2]. For example, blood viscosity
is an important clinical parameter due to its close tie with cardiovascular diseases [1,3,4].
The oil viscosity is one of the most important parameters to evaluate the automotive engine
oil conditions [2]. Various methods have been developed to determine the liquid viscosity.
Conventional viscometer usually takes a long time and consumes a large volume of liquid for
accurate measurement. For example, it may take ~1 mL amount and up to ~1 hour for one
measurement, which is not ideal for frequent monitoring or when samples are precious or scarce
[5-7]. To reduce sample consumption and increase the efficiency, microfluidic methods have
been developed in recent years, where the sample consumption has been reduced to hundreds
of microliters. For example, Lan er al. designed a co-axial microfluidic device to measure
the Newtonian fluid viscosity, which allows for a stable liquid/liquid annular co-laminar flow
measurement based on Navier-Stokes equations [8]. Kim et al. proposed to deliver the sample
and reference fluids separately into two inlets of a Y-shaped microfluidic device so that one
can measure the sample viscosity by measuring the interfacial width, which is induced at the
downstream of the Y-shaped device [9]. Kang ef al. demonstrated a high-precision microfluidic
viscometer with a microfluidic channel array composed of 100 indicating channels using only
~100 pL sample [10]. These methods have significantly reduced the sample consumption, but
the supporting microstructure of the device needs to be specifically designed in advance, which
is usually complex, costly, and time-consuming. Moreover, the compatibility relies heavily on
the interaction between the microstructure and the test sample. That is, for different types of
samples, one may need to design different supporting microstructures, which further tightens
the requirements and increases the design complexity and operation cost [11]. Therefore, to
broaden the application of microfluidic-based viscosity measurement to more labs and to make
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blood viscometry available for frequent testing, there is an urgent need for a high-speed, low
dose consuming, and precise viscosity measurement method that can be used in a broad range of
generic microfluidic-based channels.

Photoacoustic (PA) tomography is a new imaging technique that has been developed for a wide
range of applications [12-22], including liquid viscosity measurement. For example, in 2010 Lou
et al. proposed to use the frequency spectrum of measured photoacoustic signals to distinguish
different liquids [23]. Built upon that mechanism, Zhao et al. realized the detection of blood
viscosity in vivo by analyzing the frequency spectrum of blood photoacoustic signals [24]. The
measurement accuracy in these methods, however, are limited by the ultrasonic bandwidth and
noise.

Here, we present a new method to measure liquid viscosity in generic microfluidic-based tubes
based on the PA Grueneisen relaxation effect [25]. We use a dual-pulse photoacoustic flowmetric
method [26] to measure the liquid flow speed in a generic microfluidic-based tube. The average
flow speed is inversely proportional to the viscosity. Thus, after calibration, we can determine the
viscosity from the flow speed. In the dual-pulse photoacoustic flow measurement, the flow alters
the ratio between two PA amplitudes via the Grueneisen relaxation effect. We establish a model
between the dual-pulse PA signals and the viscosity in the microfluidic-based tube. Different
viscous liquids and blood samples are tested, yielding results that are well consistent with the
theoretical values. Experimental results indicate that the proposed method can potentially be a
new tool for efficient and convenient liquid viscosity measurement and even be engineered in the
future for daily monitoring blood viscosity with only a small amount of blood.

2. Materials and methods
2.1. System setup

Figure 1(a) shows a dual-pulse photoacoustic viscosity measurement platform. A 532-nm laser
(7-ns pulse width, VPFL-G-20, Spectra-Physics, USA) serves as the excitation laser pulse source,
and its output is separated into two paths by a polarizing beam splitter (PBS1, PBS051, Thorlabs
Inc, USA). A half-wave plate (HWP1, GCL-060633, Daheng Optics, China) is placed in front of
PBS1 to adjust the energy ratio between the two daughter laser beams. One of the laser beams
transmits in free space and the other is coupled into a 30-m single-mode fiber (SMF, HB450-SC,
Fibercore, UK), which delays the laser pulse by ~146 ns, as shown in Fig. 1(b). To suppress the
stimulated Raman scattering effect in the SMF, another half-wave plate (HWP2, GCL-060633,
Daheng Optics, China) is added before the fiber to adjust the polarization state. The pulse energy
of each laser beam is ~90 nanojoules. The two beams are recombined by another polarizing beam
splitter (PBS2, PBS051, Thorlabs Inc, USA) and coupled into a 2-m single-mode fiber (SM fiber,
P1-460B-FC-2, Thorlabs Inc, USA), and then delivered to the scanning PA probe. Light from
the 2-m fiber is focused by two achromatic doublets (AC064-013-A, Thorlabs Inc, USA) and
excites the sample. The generated photoacoustic signal is received by a piezoelectric ultrasound
transducer (UT, V214-BC-RM, Olympus-NDT). The excitation light and acoustic detection are
confocally and coaxially aligned to optimize the sensitivity. Detailed information on the probe
can be found in our previous publications [27,28]. Driven by a constant pressure produced by an
air compressor (JUBA, Yuteng Hardware and Electrical Tech, China), different viscous liquids
flow in a transparent circle polyvinyl chloride micro-tube (0.25-mm inner diameter, TYGON
S-54- HL, Norton Performance Plastics, China) at different speeds. Considering that the channels
of the tube can affect the measurement results [29], we used identical tubes in all experiments. In
addition, note that the flow speed at different positions inside the tube is different, leading to
different Grueneisen relaxation effects. Thus, in experiment the laser beam was focused onto
the same depth of the microtube for all measurements, and same position on the A-line of the
generated signals was chosen to extract the PA signal amplitudes for each measurement. The
exact temporal position was kept constant all through, making sure PA signals were from the
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same depth of the microtube in the study. In other words, the location of the peak-to-peak shape
in the A-line of the generated photoacoustic signal for the first sample is marked as the standard
position. We then adjust the distance between the excitation laser beams and the tube to ensure
that photoacoustic signals from the subsequent targets appear in the identical position.
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Fig. 1. (a) Schematic of the dual-wavelength photoacoustic viscosity measurement platform.
HWP, half-wave plate; PBS, polarizing beam splitter; SMF, single-mode fiber; UL, ultrasound
lens; UT, ultrasound transducer. (b) 146-ns time delay between the two optical pulses.

2.2. Sample preparation

Different viscous liquids are obtained by mixing ink solutions with different contents of
surfactants solutions (20% Tween 20 aqueous solutions, Scientific Phygene, China). Tween 20 is
a polyoxyethylene sorbitol ester containing 20 units of ethylene oxide per unit of sorbitol, which
is widely used in microfluidic studies as an oil-in-water (O/W) emulsifier.

Blood samples are bovine whole blood (3.2% sodium citrate added, Hongquan Bio Inc,
Guangzhou, China). To mimic anemia and polycythemia conditions, different viscous blood
samples are obtained by mixing different concentrations of plasma and hemocytes [11]. In brief,
the normal whole blood (~40% haematocrit) is centrifuged at 1400 rpm for 3 minutes to separate
the plasma and hemocytes. The upper half is extracted as the plasma and the remaining half as
the blood with ~80% haemotocrit. Then, 75% plasma volume and 25% plasma volume are mixed
with appropriate hemocytes to mimic anemia (~20% haematocrit) and polycythemia (~60%
haematocrit) conditions, respectively. The whole bovine blood is used as the normal group.

Note that the PA viscosity measurement method is based on optical absorption of the target,
which is not suitable for clear solutions at 532 nm wavelength. If the viscosity of a transparent
solution is to be measured, optical absorbers should be added and stirred with the solution under
the condition that the optical absorbers will not alter the viscous performance of the solutions
considerably. On the other hand, if the wavelength of the excitation laser can be modified to match
the absorption spectrum of the transparent solutions, no additional absorbers will be needed.

2.3. Working principle

Based on Poiseuille’s law [30], the flow rate of liquid, Q, in a cylindrical tube is
_ (Py—P)nrt

- 8¢l

where P, and P; are the pressures at the inlet and outlet ends of the tube, r and [ are the inner
diameter and the length of the tube, and ¢ is the liquid viscosity. As the flow rate Q is directly

Q ey
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related to flow speed (v), Q = nr?v, combining with Eq. (1), the liquid viscosity & can be
expressed as

(P2 - P)nrt _ Apr?
&= 810 T8y @

The pressure difference (Ap) can be controlled by the air compressor and the parameters ( and
1) of the tube are constant. Thus, the liquid viscosity & can be calculated from the flow speed v.

The flow speed is obtained based on the dual-pulse photoacoustic platform described above
(Fig. 1(a)). In a linear range, the two sequentially excited photoacoustic signals (PA; and PA;)
can be written as [31,32]

PA| = kIonF g ©))
PAy = k(I'y + AlnFapy 4)

where £k is the detection sensitivity, [y is the Grueneisen parameter at the baseline temperature,
AT is the changed Grueneisen parameter due to the first pulse heating effect, 7 is the coefficient
for light-to-heat conversion, F| and F» are the optical fluences, and y, is the optical absorption
coefficient. The changed Grueneisen parameter AL is proportional to the local temperature rise,
which can be modeled as [25,33-35]

A = aFlluaef(Tu+bv)6t (5)

where a and b are constant coefficients, 7, is a constant related to the thermal conduction, v is the
flow speed, and 6t is the known time delay between the two pulse excitations. As mentioned
above, the optical fluences, F; and F, are the same in our experiment. Thus, the ratio between
the second and the first photoacoustic signals can be simplified as

PAy  k(To + Al nFou, s ar - aF ) pge~Ta*bnst

Ratio =
PA, kIonF 1 pta I I

(6)

Due to the different thermal properties of the absorption materials, parameter a may be either
positive or negative, which means PA; can be larger or smaller than PA;. Taking logarithmic
operation on both sides of Eq. (6), we obtain

F
In(|1 = Ratio|) = —(7, + bv)ot + ln|a|r—]'ua =mv+n @)
0
where m = —bét, and n = —ott, + lnlali—“‘“, both of which can be determined via system

calibration. Therefore, the flow speed v can be determined from the two PA signals. The liquid
viscosity can be calculated from

B Apr*m
&= 81[In(]1 = Ratio|) — n] ®)

3. Results and discussion
3.1.  System calibration

To obtain the system parameters m and n in Eq. (7), a pure ink sample (no surfactant) was used to
calibrate the relationship between the PA ‘Ratio’ and the preset flow speed. The air compressor
in this calibration was removed temporally, and the liquid flow speed was set by a syringe pump
within a range from 1 to 25 mm/s. The values of In(|1 — Ratio|) at different flow speeds are
plotted in Fig. 2(a). As expected, the decay constant is approximately a linear function of the
flow speed with a determination coefficient (R?) of 0.97, indicating a strong dependence of
the dual-pulse signal ratio on the flow speed. The fitted curve between these two parameters
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Fig. 2. (a) Ratio between the two PA amplitudes versus the preset set flow speed. Error
bars are standard deviations based on 80 measurements. (b) Measured viscosity versus the
theoretical set viscosity. (c) Statistical differences between the measured viscosities and
theoretical values. G1-G5: Groupl-5.

can be expressed by In(|1 — Ratio|) = 0.05v — 3.68, where 0.05 and —3.68 correspond to m and

n in Eq. (7), respectively. With the calibration results, the viscosity can be computed from
_ 0.05Apr?
é: — 8I[In(|1-Ratio|)+3.68]
Because the pressure difference (Ap) and tube parameters (r and /) are constant, we can simplify
the relationship between the liquid viscosity and the signal amplitude ratio to ¢ =

0.05Apr2
8l

c
In(|1-Ratio|)+3.68°

where ¢ = is a constant if one type of viscous solution is applied to calibrate the system.

3.2.  Phantom viscosity measurement

Next, 90% surfactant-containing solution (with a viscosity coefficient of 7.10 cP) was first used
as the calibration sample. The solution flowed in the microfluidic tube under a constant pressure
produced from the air compressor. The sample was excited by two sequential laser pulses. The
ratio of the two PA signals was computed. The value of ¢ was calculated as 2.72 for the setup.
Then, samples of various viscosities (10%, 20%, 30%, 50%, and 70% of surfactant-containing
solutions; around 50 pL usage for each sample) were tested under the same pressure. Note that
establishing and calibrating the photoacoustic system could be time consuming, and it also takes
some time to prepare the samples. When the system and samples are ready, as the repetition rate
of the laser pulses was 8 kHz, thus the measurement process can be completed in one dual-pulse
excitation. To increase the accuracy, one sample was excited by 10,000 times for averaging.
The entire testing takes about 1.25 seconds for one sample flowing in the tube. Considering
the injection time and preparing time, the whole process could be finished in several minutes.
Based on the experimental results, the viscosity coefficients of these solutions were computed
to be 1.22, 1.62, 2.10, 3.35, and 4.99 cP, respectively. These are compared with the theoretical
solution viscosities, as shown in Fig. 2(b). The error bar represents the standard deviation
based on 80 measurements. The two sets of data are linearly correlated with a determination
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coefficient (R?) of 0.92. We further calculate the statistical differences between the measured
and theoretical values for different groups using paired z-fest, which is shown in Fig. 2(c). The
p-values indicate no significant differences between the measured values and theoretical values.
These demonstrates that the proposed Grueneisen-based dual-pulse PA method can precisely
determine the liquid viscosity. Note that higher error bars for more viscous liquids is associated
with the nature of the logarithmic operation that amplifies the divergence of measured Grueneisen
effect. This point also sets a limitation to the proposed viscosity measurement method, which
needs to be measured several times to increase the accuracy.

3.3. Blood viscosity measurement

Since hematocrit is closely related to viscosity, different viscous bovine blood samples were
prepared by mixing the hematocrit with different concentrations of plasm as described in
Materials and Methods. Each blood sample had a volume around 50 pL and was injected into the
microfluidic tube. Then the blood flowed under the same constant pressure as the calibration
one. As shown in Fig. 3, the measured blood viscosity results show a good linear relationship
with the hematocrit concentrations and agree well with the literatures in which 20% hematocrit
(anemia) induces a blood viscosity of ~2 X 1073Pa - s, normal human or bovine blood has a
viscosity of 3 —4 x 1073Pa - 5, and the 60% hematocrit (polycythemia) induces a viscosity of
6 — 8 x 1073Pa - s [36]. The results validate that dual-pulse PA viscosity measurement method
can measure viscosity with low blood consumption. Another advantage is that the method is free
from any chemical or labelling process. The blood sample can be recollected for retest or other
uses, which is meaningful for precious or scarce samples.
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Fig. 3. Comparison of measured viscosity values for different groups of blood samples.
The error bar represents the standard deviation based on 25 measurements.

4. Conclusion

In this study, a new method is proposed to measure the liquid viscosity in a generic microtube
using a dual-pulse PA platform. An inverse model is developed to quantify the liquid viscosity
from two PA signals. We experimentally demonstrate that, with calibration, we can successfully
measure the viscosity using only one droplet of liquid/ blood. Note that this dual-pulse PA
measurement method uses only regular microtubes, instead of specifically designed supporting
structures, greatly reducing the complexity of system design and the operational cost. Moreover,
a whole measurement process for one sample only takes less than one minute excluding the time
for system and sample preparation, which can be further shortened if necessary. The platform
only requires a tiny dosage of the sample (around 50 pL), which is essential for long-term daily
viscosity monitoring or precious and scarce samples. Therefore, the proposed dual-pulse PA
viscosity measurement method embraces fast detection speed, low consumption, and low cost
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in micro tubes. However, higher viscous samples generate larger error bar in our current stage,
which is associated with the nature of the logarithmic operation that amplifies the divergence
of measured Grueneisen effect. The measured accuracy can be ensured through increasing
the measuring times, which can also be further improved with a higher pulse energy laser,
less-scattering micro-based tubes and higher consistent pressure coming from the air compressor.
Overall, this is only a proof-of-concept study to demonstrate the principle and feasibility of the
proposed PA method; in the future, the system will be further engineered to increase the accuracy
till it can be directly compared with other advanced equipment or methods. From a long-term
aspect, it opens a new venue for efficient microfluidic-based liquid viscosity measurement and
this platform may potentially be engineered into a small point-of-care device with tiny lasers and
fibers to test the blood viscosity in the future, which would benefit a large population of patients
with abnormal blood viscosities.

Appendix
The spectrum of the excitation beams

In order to ensure the same wavelengths for the two excitations beams, the spectrum of the
excitations beams were tested using spectrometer and the result is shown in Fig. 4. Only one
peak wavelength of 532 nm is observed, which indicates that the stimulated Raman scattering
(SRS) effect is suppressed.
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Fig. 4. The spectrum of the excitation beam (including two paths), showing a sole wavelength
of 532 nm.

Regular PA signals from phantoms

A batch of well mixed solutions of different viscosities are shown in Fig. 5(a). To investigate
if the regular (single-beam) PA signal significantly depends on the concentration of surfactant,
different solutions were measured and compared under the same conditions. All solutions were
injected into the microfluidic tube without flowing and excited by one laser pulse. The pulse
energy was ~90 nanojoules, and the pulse repetition rate was 8 kHz. As shown in Fig. 5(b), the
single-beam photoacoustic signal amplitude changes very slightly with the contents of surfactants.
The peak-to-peak amplitudes are extracted and shown in Fig. 5(c). As seen, compared with the
solution containing 10% surfactants, the single-beam PA signal amplitude of the 70% solution
only reduces by ~2.78%, and the signal amplitudes of the 50%, 30%, and 20% solutions drop by
merely about 2.59%, 1.89%, and 0.90%, respectively. The result suggests that the difference of
the surfactant concentration and the liquid viscosity induces very limited variation to the optical
absorption coefficient of the solution and hence the single-beam PA signal strength. Moreover,
the small divergences, if exist, can be easily compensated based on the measured results.
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Fig. 5. (a) Photograph of surfactant-ink solutions of different viscosities (containing 10%,
20%, 30%, 50% and 70% of surfactant, respectively). (b) Normalized PA signals of different
surfactant-ink solutions. (c). PA signal (peak to peak) amplitude as a function of surfactant
concentration.

Dual-pulse PA signals and liquid viscosity

After confirming the small absorption fluctuations caused by different concentrations of surfactants,
solutions were injected in turns and flowed in the microfluidic tube under a constant pressure
driven by the air compressor. Measurements were performed with the dual-pulse PA setting
as described above. For each group of solutions, dual-pulse PA signals, as illustrated in
Fig. 6(a), were obtained. As seen, the two PA signals corresponding to the two pulses can
be easily distinguished and separated. The peak-to-peak values of the second and the first
photoacoustic signals are extracted, and the ratio between them is defined as ‘Ratio’. The values
of In(|1 — Ratio|) at different surfactant concentrations are plotted in Fig. 6(b). As seen, the
measured logarithm value shows an inverse proportional trend with the solution concentration.
This is consistent with the fitted curve derived based on Eqs. (7) and (2), which follows a relation
In(|1 — Ratio|) = 2?{'3[6 —3.51 with a determination coefficient (R?) of 0.97, where con is the
surfactant concentration. This result, again, confirms the feasibility of the proposed dual-pulse
PA method for viscosity measurement.
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Fig. 6. (a) A representative dual-pulse PA signal. (b) The value of In(|]1 — Ratio|) versus
the surfactant concentration. Error bars are standard deviation based on 80 measurements.
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